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Pt  electrocatalysts  supported  on  carbon  nanocoils  (CNCs)  were  prepared  by  the  sodium  borohydride  (BM), 
formic  acid  (FAM)  and  ethylene  glycol  (EGM)  reduction  methods  in  order  to  determine  the  influence  of 
the  synthesis  method  on  the  physicochemical  and  electrochemical  properties  of  Pt/CNC  catalysts.  For 
this  purpose,  physicochemical  properties  of  these  materials  were  studied  by  means  of  energy  dispersive 
X-ray  analyses,  X-ray  diffraction  and  N2-physisorption,  whereas  their  electrochemical  activity  towards 
ethanol  and  carbon  monoxide  oxidation  was  studied  using  cyclic  voltammetry  and  chronoamperometry. 
Furthermore,  in  order  to  complete  this  study,  the  results  obtained  for  Pt/CNC  catalysts  were  compared 
with  those  obtained  for  Pt  catalysts  supported  on  Vulcan  XC-72R  (commercial  support)  prepared  by 
the  same  methods  and  for  the  commercial  Pt/C  catalysts  from  E-TEK.  Results  showed  that,  for  all  stud¬ 
ied  methods,  CO  oxidation  occurred  at  more  negative  potentials  on  Pt/CNC  catalysts  than  on  Pt/Vulcan 
and  Pt/C  E-TEK  ones.  On  the  other  hand,  higher  current  densities  for  the  ethanol  electrooxidation  were 
obtained  when  CNCs  were  used  as  support  for  BM  and  EGM.  It  is  concluded  that  optimizing  the  synthesis 
method  on  CNC,  materials  with  enhanced  electrooxidation  properties  could  be  developed. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Low-temperature  fuel  cells,  operated  by  hydrogen  (polymer 
electrolyte  fuel  cell,  PEMFC),  methanol  (direct  methanol  fuel  cell, 
DMFC)  or  ethanol  (direct  ethanol  fuel  cell,  DEFC)  as  fuels,  represent 
an  environmentally  friendly  technology  and  are  attracting  much 
interest  as  a  means  of  producing  electricity  by  direct  electrochem¬ 
ical  conversion  [1-5].  Direct  alcohol  fuel  cells  (DMFCs  and  DEFCs) 
have  the  advantage  of  running  with  pure  different  alcohols  mixed 
with  water  steam  and  supplied  directly  to  the  anode,  eliminat¬ 
ing  the  problems  of  hydrogen  transport  and  supply.  Due  to  their 
characteristics,  they  are  promising  candidates  for  portable  power 
source,  electric  vehicle  and  transport  applications. 

The  direct  oxidation  of  methanol  in  fuel  cells  has  been  widely 
investigated.  However,  the  high  toxicity  of  methanol  is  still  an 
important  drawback  for  their  use.  In  this  context,  the  use  of  ethanol 
as  fuel  seems  to  be  a  possible  solution  to  this  problem,  due  to  it  is 
not  toxic  and  can  be  produced  in  large  quantities  from  agricultural 
products  (bioethanol)  [1,6,7].  Furthermore,  ethanol  provides  a  vol¬ 
umetric  energy  density  (21  MJ  l-1 )  that  approaches  that  of  gasoline 
(31MJ1-1). 

In  the  case  of  methanol,  many  efforts  have  been  done  dur¬ 
ing  the  past  decades  to  establish  not  only  the  oxidation  reaction 
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mechanism,  but  also  the  type  of  electrocatalyst  to  be  used  as 
anode  material.  However,  in  the  case  of  ethanol,  nowadays,  it  is 
difficult  to  establish  the  appropriate  catalyst  to  oxidize  it  elec- 
trochemically.  Besides  platinum,  other  metals  have  been  studied 
for  the  electrooxidation  of  ethanol,  such  as  gold,  rhodium  or 
palladium,  and  they  have  shown  some  activity.  However,  only 
platinum-based  materials  show  appropriate  oxidation  currents, 
especially  in  acid  medium  [8],  but  the  efficiency  of  the  DAFCs 
operating  with  these  catalysts  is  still  insufficient  for  practical  appli¬ 
cations.  Therefore,  further  optimization  of  the  anode  material  for 
DAFCs  is  necessary  for  their  development  and  commercialisa¬ 
tion. 

The  utilization  of  nanostructured  carbonaceous  materials  as 
catalyst  supports  has  been  proposed  as  a  promising  solution  to 
improve  the  efficiency  and  durability  of  electrocatalysts,  due  to 
carbon  supports  have  been  found  to  strongly  influence  the  prop¬ 
erties  of  metal  supported  nanoparticles,  such  as  metal  particle 
size,  morphology,  size  distribution,  stability  and  dispersion  [9].  The 
ideal  support  material  for  fuel  cell  electrocatalysts  should  have  at 
least  the  following  characteristics:  (i)  high  electrical  conductivity  to 
facilitate  electron  transport  during  the  electrochemical  reactions; 
(ii)  high  specific  surface  area  in  order  to  achieve  large  metal  dis¬ 
persions  (which  usually  results  in  a  high  catalytic  activity);  (iii) 
suitable  mesoporous  structure  for  a  good  diffusion  of  reactant  and 
by-products  to  and  from  the  catalyst;  and  (iv)  presence  of  sur¬ 
face  oxygen  groups  for  a  good  interaction  between  the  catalysts 
nanoparticles  and  the  carbon  support  [10]. 
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Vulcan  XC-72(R)  is  the  most  commonly  used  electrocatalyst 
support  due  to  its  high  electrical  conductivity  and  appropriate  tex¬ 
tural  properties  [11,12].  However,  it  has  a  considerable  content  of 
micropores  (~30%  of  total  area)  which  difficult  the  access  of  the 
fuel.  For  this  reason,  a  portion  of  metal  nanoparticles  could  be 
sunk  into  the  micropores  and  may  have  less  or  no  electrochemical 
activity  due  to  the  difficulty  in  reactant  accessibility.  Thus,  nowa¬ 
days,  novel  non-conventional  carbon  supports  with  mesoporous 
structure,  such  as  carbon  nanotubes  and  nanofibers  [13,14],  carbon 
xerogels  and  aerogels  [15,16],  ordered  mesoporous  carbons  [5]  and 
carbon  nanocoils  [17]  are  being  studied. 

Carbon  nanocoils  (CNCs)  have  recently  received  great  attention 
as  catalytic  support  in  fuel  cell  electrodes  due  to  the  combination 
of  their  good  electrical  conductivity,  derived  from  their  graphitic 
structure,  and  a  wide  porosity  that  allows  the  diffusional  resis¬ 
tances  of  reactants/products  to  be  minimized.  Only  few  works  have 
been  performed  on  catalysts  supported  on  carbon  nanocoils  for 
their  use  both  at  the  anode  and  cathode  side  of  a  direct  methanol 
fuel  cell  [  17-23].  Hyeon  et  al.  synthesized  Pt/Ru  (1:1)  alloy  catalyst 
(60%  wt.),  prepared  by  sodium  borohydride  reduction  method,  sup¬ 
ported  on  CNCs.  They  studied  its  behaviour  towards  the  methanol 
oxidation,  showing  its  good  electrocatalytic  activity  [17].  Sevilla 
et  al.  also  demonstrated  the  high  catalytic  activity  of  PtRu/CNC 
electrocatalyst  for  the  methanol  oxidation  [18].  In  addition,  they 
compared  its  activity  to  that  of  a  Pt/Vulcan  catalyst  prepared  by 
the  same  method,  demonstrating  that  catalysts  supported  on  CNCs 
exhibited  a  higher  utilization  of  metals  [  1 9,20].  Park  et  al.  employed 
carbon  nanocoils  with  variable  surface  areas  and  crystallinity  as 
Pt/Ru  catalyst  supports  [21 ,22].  They  found  that  catalysts  supported 
on  carbon  nanocoils  exhibited  better  electrocatalytic  performance 
towards  the  methanol  electrooxidation  than  the  catalyst  supported 
on  Vulcan  XC-72.  On  the  other  hand,  Imran  Jafri  et  al.  studied 
the  activity  of  Pt  nanoparticles  dispersed  on  multi-walled  carbon 
nanocoils  for  the  oxygen  reduction  reaction  in  proton-exchange 
membrane  fuel  cells  [23],  the  results  obtained  support  the  use  of 
this  new  type  of  catalyst  support  material  for  PEMFC. 

The  most  extended  methods  for  preparing  carbon-supported 
catalysts  are  the  impregnation,  the  colloidal  and  the  microemulsion 
methods  [4,24].  The  most  widely  used  is  the  impregnation  method 
due  to  its  simplicity  and  good  results.  It  consists  of  an  impregnation 
step  followed  by  a  chemical  reduction  step  (in  liquid  or  gas  phase). 
It  has  been  found  that  the  catalyst  synthesis  method  can  affect  the 
composition,  morphology  and  dispersion  of  the  catalysts,  as  well 
as  their  electrocatalytic  performance  [25].  However,  scarce  works 
about  the  comparison  of  catalysts  synthesized  by  different  methods 
can  be  found  in  the  literature  [26],  none  about  carbon  nanocoils. 

In  this  paper,  Pt  catalysts  supported  on  carbon  nanocoils  pro¬ 
duced  by  the  catalytic  graphitization  of  resorcinol-formaldehyde 
gel  [27]  have  been  synthesized.  The  metal  nanoparticles  were 
deposited  on  the  carbon  support  following  formic  acid  [26,27], 
sodium  borohydride  [5]  or  etilenglicol  [28]  reduction  methods.  The 
aim  of  this  study  is  to  compare  different  synthesis  procedures  in 
order  to  determine  their  influence  on  the  properties  of  catalysts  and 
to  obtain  an  effective  catalyst.  These  results  were  also  compared 
to  the  same  catalysts  supported  on  Vulcan  XC-72,  demonstrating 
that  the  use  of  this  non-conventional  carbon  material  (CNCs)  can 
improve  the  performance  of  the  DEFC. 


2.  Experimental  methods 

2. t.  Synthesis  of  carbon  supports 

Carbon  nanocoils  were  synthesized  by  the  catalytic  graphitiza¬ 
tion  of  resorcinol-formaldehyde  gel  as  described  in  [27].  In  a  typical 
synthesis,  formaldehyde  (Sigma-Aldrich)  and  silica  sol  (Supelco) 


were  disolved  in  lOOmL  of  deionized  water,  then  a  mixture  of 
nickel  (Panreac)  and  cobalt  (Sigma-Aldrich)  salts  was  added  under 
stirring  conditions.  Subsequently,  resorcinol  (Sigma-Aldrich)  was 
added,  and  the  stirring  conditions  maintained  for  0.5  h.  After  a  heat 
treatment  at  85  °C  for  3  h  in  a  closed  system  of  this  reaction  mix¬ 
ture,  the  system  was  then  opened,  and  the  mixture  dried  at  108  °C. 
Finally  it  was  carbonized  in  a  nitrogen  atmosphere  at  900  °C  for  3  h. 
A  5  M  NaOH  (Panreac)  solution  was  used  to  remove  silica  particles, 
followed  by  a  treatment  with  concentrated  HN03  (65%,  Fluka)  at 
room  temperature  during  2  h  to  remove  the  metal  salts. 

2.2.  Preparation  of  the  carbon-supported  Pt  electrocatalysts 

The  carbon  supported  Pt  electrocatalysts  were  prepared  by 
formic  acid  (FAM),  sodium  borohydride  (BM)  and  ethylene  gly¬ 
col  (EGM)  reduction  methods.  Appropiate  concentrations  of  the 
metal  precursor  were  used  to  obtain  a  theoretical  platinum  load¬ 
ing  of  20  wt.%  on  the  different  carbon  materials.  Chloroplatinic  acid 
(8wt.%  H2PtCl6-6H20  solution,  Sigma-Aldrich)  was  used  as  metal 
precursor. 

FAM  method  involved  the  suspension  of  the  carbon  material  in 
a  2  M  formic  acid  solution  (98%,  Panreac)  and  the  slowly  addition 
of  the  chloroplatinic  acid  solution  under  stirring  conditions  at  80  °C 
[26,27]. 

In  the  BM  reduction  method,  catalysts  were  prepared  by  impreg¬ 
nating  the  carbon  supports  with  an  8  wt.%  chloroplatinic  acid 
solution.  Subsequently,  the  metal  was  reduced  with  a  26.4  mM 
sodium  borohydride  solution  (99%,  Sigma-Aldrich),  which  was 
slowly  added  to  the  precursor  solution  under  sonication  [5]. 

In  the  EGM  reduction  method,  ethylene  glycol  was  used  as  sol¬ 
vent  and  reducing  agent.  In  a  typical  procedure,  the  metal  precursor 
was  dissolved  in  ethylene  glycol  (1  mL  EG/1  mg  Pt)  and  the  pH  was 
adjusted  to  11  using  a  1  M  NaOH  solution  in  EG.  Then,  the  carbon 
support  was  added.  The  resulting  mixture  was  treated  at  1 95  °C  for 
2  h  and  then  cooled  in  a  cold  water  bath.  The  pH  was  measured  and 
adjusted  to  1  using  HC1  (37%,  Sigma-Aldrich)  [28]. 

The  catalysts  were  named  Pt/CNC  or  Pt/Vulcan  if  they  are 
supported  on  carbon  nanocoils  or  Vulcan  XC-72R  respectively,  fol¬ 
lowed  by  the  abbreviation  of  the  method  used  for  synthesized  them 
(-FAM,  -BM,  or  -EGM). 

2.3.  Physicochemical  characterization  ofPt/C  electro  catalysts 

The  real  content  of  Pt  in  the  electrocatalysts  was  determined  by 
energy  dispersive  X-ray  analyses  (EDX)  technique  Rontec  XFlash 
Si(Li),  coupled  to  a  scanning  electron  microscopy  Hitachi  S-3400  N. 

X-ray  diffraction  (XRD)  patterns  were  recorded  using  a  Bruker 
AXS  D8  Advance  diffractometer  with  a  0-6  configuration  and  using 
Cu  Ka  radiation  (A,  =  0.1 54  nm).  Scans  were  done  for  20  values 
between  0°  and  100°.  Scherrer’s  equation  was  applied  to  the  (2  2  0) 
peak  of  the  Pt  fee  structure,  around  26  =  70°,  in  order  to  estimate 
the  Pt  crystallite  size  from  the  diffractograms  [29].  This  region 
was  chosen  to  avoid  the  influence  of  a  broad  band  of  the  carbon 
substrate  (20  =  25°)  on  the  (111)  and  (2  00)  peaks  of  Pt  structure 
[30,31]. 

2.4.  Electrochemical  characterization  ofPt/C  electrocatalysts 

Electrochemical  experiments  were  carried  out  in  a  three- 
electrode  cell  using  a  MicroAutolab  potentiostat.  The  counter 
electrode  was  a  large  area  pyrolitic  graphite  bar  and  a  reversible 
hydrogen  electrode  (RHE)  placed  inside  a  Luggin  capillary  was  used 
as  reference  one.  All  potentials  in  this  work  are  referred  to  this 
electrode.  Working  electrodes  were  prepared  depositing  a  thin- 
layer  of  the  electrocatalysts  over  a  pyrolitic  graphite  disk  (7  mm 
diameter,  1 .54  cm2  geometric  area).  A  catalyst  ink  was  prepared  by 
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mixing  2  mg  of  the  catalyst  and  10  |jl1  of  Nation  dispersion  (5  wt.%, 
Aldrich)  in  500  pd  of  ultrapure  water  (Millipore  Milli-Q  system).  A 
40  |xl  aliqout  of  the  suspension  was  deposited  onto  the  graphite 
disk  and  dried.  After  that,  the  working  electrode  was  immersed 
into  H2S04  0.5  M  electrolyte  solution,  prepared  from  high  purity 
reagents  (Merck)  and  deaerated  with  nitrogen  gas.  All  the  electro¬ 
chemical  experiments  presented  in  this  work  were  carried  out  at 
room  temperature. 

Electrochemical  active  areas  of  catalysts  were  measured  from 
CO-stripping  voltammograms  by  the  integration  of  the  COad  oxi¬ 
dation  region,  assuming  a  charge  of  420  [xC  cm-2  involved  in  the 
oxidation  of  a  monolayer  of  linearly  adsorbed  CO.  This  electroac¬ 
tive  area  has  been  used  to  calculate  the  current  densities  given  in 
the  text.  CO  (99.99%,  Air  Liquide)  adsorbs  onto  the  metal  surface 
by  bubbling  this  gas  at  1  atm  though  the  electrolyte  during  10  min 
to  achieve  full  monolayer  coverage  of  CO  on  Pt.  The  CO  adsorption 
process  was  carried  out  at  0.20  V.  Then  an  inert  gas  such  as  nitro¬ 
gen  is  used  to  purge  out  for  a  few  minutes  the  CO  from  the  solution, 
leaving  only  the  CO  adsorbed  on  the  surface  of  Pt.  A  potential  scan¬ 
ning  between  0.05  and  1.1 0  V  at  0.02  Vs-1  was  then  carried  out  to 
induce  the  oxidation  of  CO  for  two  complete  oxidation/reduction 
scans. 

Ethanol  oxidation  was  characterized  by  cyclic  voltammetry  and 
chronoamperometry.  Cyclic  voltammograms  (CVs)  were  recorded 
in  2  M  CH3CH2OH  +  O.5  M  H2SO4  between  0.05  and  1.10 Vat  a  scan 
rate  of  0.02  Vs-1.  Potentiostatic  current  density-time  (j-t )  curves 
were  recorded  in  the  same  solutions  at  0.60  V  for  900  s. 

3.  Results  and  discussion 

3.1.  Physicochemical  characterization  of  the  supports  and 
electrocatalysts 

Catalysts  are  usually  supported  on  a  carbonaceous  material  to 
reduce  the  amount  of  metal  used  and  improve  its  performance. 
It  has  been  shown  that  carbonaceous  support  has  great  influence 
on  the  properties  of  the  catalyst  [32].  The  physicochemical  char¬ 
acterization  of  the  CNC  was  stated  in  a  previous  work  [27].  Carbon 
nanocoils  consist  of  a  long  curved  ribbon  of  carbon  which  exhibited 
well-aligned  graphitic  layers.  Nevertheless,  Vulcan  XC-72  consisted 
of  an  aggregation  of  spherical  carbon  nanoparticles. 

Table  1  shows  the  nomenclature  and  the  metal  content  obtained 
by  EDX  for  the  catalysts  prepared  and  the  commercial  catalysts  Pt/C 
from  E-TEK.  The  values  obtained  are  similar  to  the  nominal  value 
of  20%. 

The  textural  properties  of  the  supports  and  the  catalysts  were 
studied  by  N2-physisorption  to  determine  the  effect  of  the  deposi¬ 
tion  of  metal  particles  on  the  pore  structure  of  the  support  (Table  2). 
CNC  had  a  specific  surface  area  and  pore  volume  of  124  m2  g-1 
and  0.1 6  m3  g-1 ,  respectively,  and  a  mesoporous  structure,  whereas 
Vulcan  XC-72R  had  a  specific  surface  area  of  around  218m2  g-1  and 
a  total  pore  volume  of  0.41  m3  g-1 ,  being  the  30%  of  its  area  belong¬ 
ing  to  the  micropores.  Metal  particles  deposited  in  the  micropores 
of  this  material  may  have  a  lower  electrocatalytic  activity,  or  even 


Table  1 

Pt  content  from  EDX  and  physical  characteristics  from  XRD  analysis  of  the  catalysts. 


Electrocatalyst 

%Pt 

d  (nm) 

Latticce 
parameter  (A) 

Metal  surface 
area(m2  g-1) 

Pt/CNC-BM 

20.0 

4.7 

3.9198 

60 

Pt/CNC-EGM 

16.2 

5.6 

3.9158 

50 

Pt/CNC-FAM 

19.4 

3.8 

3.9233 

74 

Pt/Vulcan-BM 

17.3 

3.7 

3.9029 

76 

Pt/Vulcan-EGM 

20.0 

5.4 

3.9174 

52 

Pt/Vulcan-FAM 

19.2 

3.2 

3.9158 

88 

Pt/C  E-TEK 

16.3 

3.0 

3.9231 

93 

Table  2 

Textural  parameters  of  carbon  supports  and  catalysts. 


Sample 

Sbet 

Wotal 

^Mesopore 

^Micropore 

(m2  g-1) 

(cm3  g-1 ) 

(m2  g-1) 

(m2  g-1) 

CNC 

124 

0.16 

124 

0.0 

Vulcan 

218 

0.41 

153 

65 

not  to  operate,  because  of  the  worst  diffusion  of  reagents  through 
this  structure  to  the  active  sites. 

The  morphological  and  crystallographic  properties  of  the  cata¬ 
lysts  were  studied  by  X-ray  diffraction  (XRD).  X-ray  diffractograms 
for  Pt/C  electrocatalysts  are  shown  in  Fig.  1 .  All  of  them  showed  the 
typical  form  of  the  face-centered  cubic  (fee)  Pt  structure,  indicating 
the  effective  reduction  of  the  metal  precursor  producing  crystalline 
nanoparticles.  Peaks  at  20  =  40°,  47°,  67°,  81°  and  85°,  associated 
with  the  Pt  crystal  planes  (1 1  1 ),  Pt  (2  0  0),  Pt  (2  2  0),  Pt  (3  1 1 )  and  Pt 
(2  2  2),  respectively,  were  observed.  Furthermore,  the  XRD  patterns 
displayed  a  peak  at  20  =  26.2°,  characteristic  of  the  plane  (0  0  2)  of 
graphite,  which  is  attributed  to  the  CNCs  used  as  support.  In  the 
case  of  Pt/Vulcan  and  commercial  catalysts,  the  peak  attributed  to 
the  support  was  less  intense  due  to  the  lower  crystalline  grade  of 
Vulcan  XC-72R.  Both  metal  crystallite  size  and  specific  activity  are 
influenced  by  the  interaction  of  the  active  phase  with  the  support 
as  will  be  seen  below. 

Average  metal  crystallite  sizes,  calculated  from  the  Scherrer’ 
equation,  are  given  in  Table  2.  Differences  in  the  Pt  average  crys¬ 
tallite  sizes  were  observed  for  the  different  carbon  supports  and 
synthesis  methods.  Higher  Pt  average  sizes  were  obtained  as  CNCs 
were  used  as  support,  compared  with  those  obtained  using  Vul¬ 
can  XC-72R.  However,  these  differences  were  not  significant.  This 
could  be  attributed  to  that  Vulcan  XC-72R  has  a  large  number  of 
nucleation  sites,  leading  to  the  formation  of  smaller  Pt  particles. 
In  contrast,  graphitized  carbons,  like  CNCs,  have  a  lower  number 
of  nucleation  sites  because  only  the  surface  defects  can  function 
as  nucleation  sites,  and  thus  larger  Pt  particles  would  be  obtained. 
However,  for  both  carbon  materials,  the  smallest  particle  size  was 
obtained  by  FAM  and  the  highest  ones  by  EGM. 

The  surface  area  (SA)  can  be  calculated  (Table  2),  assuming 
that  Pt  particles  are  spherical,  by  the  ratio  SA  (m2  g-1 )  =  6  x  1 03/pd, 
where  d  is  the  mean  metal  crystallite  size  in  nm,  and  p  is  the  den¬ 
sity  of  Pt  (21. 4  gem-3).  Different  values  were  obtained  using  CNCs 
as  support  modifying  the  metal  precursor  reducing  agent.  Of  those 
methods,  the  catalysts  synthesized  by  FAM  presented  a  smaller 


Fig- 1.  XRD  diffractograms  for  the  Pt  electrocatalysts  supported  on  CNCs  and  Vulcan 
XC-72R,  including  the  Pt/C  E-TEK  catalyst. 
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Fig.  2.  CO-stripping  voltammetries  for  Pt/Vulcan  (a)  and  Pt/CNC  (b)  electrocatalysts  in  0.5  M  H2S04.  £ad  =  0.20  V;  u  =  20mVs_1 ;  T=  25  °C. 
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crystal  size  and,  therefore,  a  greater  metal  surface  area,  opposite 
to  EGM. 

The  lattice  parameter  was  also  calculated  from  XRD  patterns 
and  the  results  are  summarized  in  Table  1.  The  value  of  the  lattice 
parameter  of  the  Pt/C  electrocatalysts  decreases  with  increasing 
the  crystallite  size.  These  values  were  close  to  3.92  A,  which  is  the 
value  correspondent  to  pure  platinum. 

3.2.  Electrochemical  studies 

3.2.1.  Carbon  monoxide  oxidation 

CO-stripping  voltammetry  can  be  used  to  obtain  some  in 
situ  information  about  the  electroactive  composition  and  sur¬ 
faces  areas  of  catalysts,  as  well  as,  to  establish  their  tolerance 
towards  CO  poisoning.  CO-stripping  voltammograms  obtained  at 
room  temperature  are  shown  in  Fig.  2,  where  the  first  and  sec¬ 
ond  cycles  are  represented.  As  observed,  in  the  first  cycle,  when 
the  Pt  surface  is  blocked  by  the  CO  adsorbed,  hydrogen  adsorption 
is  blocked.  Therefore,  the  cyclic  voltammogram  in  the  hydro¬ 
gen  adsorption-desorption  potential  region  becomes  featureless. 
Once  the  CO  monolayer  is  removed  through  oxidation  at  higher 
potentials,  the  Pt  surface  becomes  available  again  for  hydrogen 
adsorption  and  desorption,  and  the  corresponding  peaks  appear 
(corresponding  to  the  voltammograms  in  the  base  electrolyte  for 
the  clean  surfaces)  in  the  second  cycle. 

Similar  results  were  obtained  for  Pt/Vulcan  and  commercial 
Pt/C  E-TEK  catalysts.  As  can  be  seen  in  Fig.  2a,  the  peak  poten¬ 
tial  for  the  COad  oxidation  occurred  approx,  at  the  same  potential 
for  Pt/C  E-TEK  and  Pt/Vulcan  catalysts,  in  the  0.81-0.84  potential 
range.  However,  the  onset  for  CO  oxidation  was  placed  of  CO  started 
at  more  negative  potentials  for  Pt/Vulcan  catalysts  (around  0.7  V) 
than  for  Pt/C  E-TEK  one  (0.76  V).  No  significant  differences  were 
observed  for  the  Pt/Vulcan  catalysts  synthesized  by  different  meth¬ 
ods,  only  for  the  Pt/Vulcan-EGM  a  shoulder  centred  at  0,72  V  is 
apparent  which  implies  that  for  this  catalyst  part  of  CO  oxidation 
occurs  at  more  negative  potentials. 

In  the  case  of  Pt/CNC  catalysts,  the  oxidation  of  COad  is  shifted 
negatively  compared  with  Pt/Vulcan  and  Pt/C  E-TEK  catalysts 
(Fig.  2b).  For  these  catalysts,  two  CO  oxidation  peaks  were  observed 


in  the  CVs.  One  peak  around  0.84  V  was  observed,  which  corre¬ 
sponds  to  that  observed  for  catalysts  supported  on  Vulcan  XC-72R. 
In  addition,  a  second  CO  oxidation  peak  was  obtained  at  around 
0.70  V  for  Pt/CNC-BM  and  Pt/CNC-FAM  and  at  0.79  V  for  Pt/CNC- 
EG.  This  implies  that  CO  can  be  easily  oxidized  on  these  materials. 
The  presence  of  this  additional  peak  at  lower  potentials  could  be 
attributed  to  the  nature  and  surface  chemistry  of  the  carbon  sup¬ 
port,  specifically  to  the  surface  oxygen  groups  of  the  CNCs  [1,33], 
which  could  alter  the  electronic  structure  of  the  metal,  helping  to 
the  CO  oxidation  process  and  making  catalysts  more  tolerant  to  CO 
than  Vulcan-supported  catalysts. 

It  is  noticeable  the  presence  of  an  important  CO  oxidation  cur¬ 
rent  at  E<  0.60  V  for  catalysts  prepared  on  CNC  by  BM  and  FAM, 
especially  for  the  latter,  which  implies  that  CO  can  be  oxidized  at 
potentials  as  low  as  0.40  V  at  Pt  on  CNC. 

However,  as  can  be  observed  in  Fig.  2b,  the  ratio  between  the 
two  peak  areas  varied  with  the  synthesis  method.  This  demon¬ 
strates  that  the  deposition  method  of  the  metal  particles  plays  an 
important  role  in  the  final  performance  of  the  electrocatalysts. 

3.2.2.  Ethanol  oxidation 

Fig.  3  illustrates  the  CVs  recorded  in  2M  CH3CH2OH  +  0.5  M 
H2S04  at  room  temperature  for  Pt/CNC,  Pt/Vulcan  and  commer¬ 
cial  Pt/C  E-TEK  catalysts.  The  curves  for  all  catalysts  displayed  a 
rise  in  the  current  around  0.50  V  during  the  positive-going  poten¬ 
tial  scan,  developing  an  anodic  peak  which  position  depends  on 
the  catalysts.  At  the  backward  scan,  a  new  anodic  contribution 
was  observed,  achieving  a  maximum  also  dependent  on  the  cat¬ 
alyst. 

As  can  be  observed  in  Fig.  3,  the  onset  for  ethanol  electrooxida¬ 
tion  occurred  between  0.50  and  0.64  V  depending  on  the  catalysts. 
For  the  same  material,  significant  differences  were  found  in  the 
current  densities  achieved  for  the  catalysts  prepared  following 
the  different  synthesis  methods.  In  the  case  of  Pt/CNC  catalysts, 
the  highest  current  densities  were  observed  for  the  Pt/CNC-BM 
(1.1  mAcm-2),  whereas  in  the  case  of  Pt/Vulcan  ones,  Pt/Vulcan- 
FAM  (0.7mA cm-2)  showed  the  highest  current  densities  during 
the  positive  potential  scan.  In  all  cases,  higher  current  densities 
than  those  for  Pt/C  E-TEK  (0.2  mAcm-2)  were  obtained. 
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Fig.  3.  Cyclic  voltammograms  for  Pt/Vulcan  (a)  and  Pt/CNC  (b)  electrocatalysts  in2M  CH3CH2OH  +  O.5M  H2SO4.  u  =  20mVs_1;  T=  25  °C. 


Table  3 

Current  densities  obtained  from  cyclic  voltammetry  (CV)  and  chronoamperometric 
(CR)  curves  for  Pt/C  catalysts  in  2  M  CH3CH2OH  +  0.5  M  H2SO4  solution  at  0.60  V. 


Electrocatalyst 

CVo.eo  (pAcnrr2) 

CRo.eo  (iJuAcirr2) 

Pt/CNC-BM 

110 

47 

Pt/CNC-EGM 

33 

33 

Pt/CNC-FAM 

22 

21 

Pt/Vulcan-BM 

13 

18 

Pt/Vulcan-EGM 

8 

12 

Pt/Vulcan-FAM 

27 

21 

Pt/C  E-TEK 

6 

5 

The  current  densities  obtained  for  the  different  catalysts  at 
0.60  V  (a  potential  near  to  the  working  potential  in  a  DEFC)  are 
listed  in  Table  3. 

From  Fig.  3,  it  is  demonstrated  that  the  utilization  of  CNCs  as 
catalysts  support  results  in  an  increase  of  the  current  densities  reg¬ 
istered  at  the  maximum  in  the  CVs  for  BM  and  EGM.  The  onset 
potential  for  the  oxidation  of  ethanol  during  the  positive-going 
potential  scan  on  Pt/CNC-BM  appears  at  the  most  negative  potential 
whereas  the  most  positive  corresponds  to  Pt/CNC-FAM.  Accord¬ 
ingly,  the  maximum  current  density  at  the  first  peak  of  the  ethanol 
electrooxidation  is  achieved  for  Pt/CNC-BM,  followed  by  Pt/CNC- 


Time  /  s 


EGM,  Pt/CNC-FAM  and  Pt/C  E-TEK.  It  is  clear  that  Pt/CNC-BM 
presents  a  higher  positive  peak  current  density,  and  consequently, 
higher  activity  to  ethanol  electro-oxidation  which  indicates  that  it 
is  a  promising  catalyst  for  ethanol  electrooxidation. 

Interestingly,  Pt/Vulcan  catalysts  showed  higher  oxidation 
activity  than  the  commercial  Pt/C  E-TEK.  This  improvement  could 
be  attributed  to  the  catalysts  preparation  method. 

With  the  purpose  to  determine  the  performance  of  the  catalysts 
towards  ethanol  electrooxidation  under  potentiostatic  conditions, 
current-time  curves  were  recorded  at  0.60V  and  25  °C  during 
850s  in  a  2M  CH3CH2OH  +  0.5 M  H2SO4  solution.  Fig.  4  shows 
such  curves  for  the  Pt-supported  catalysts.  Pt  catalysts  based 
on  CNCs  prepared  by  BM  and  EGM  presented  higher  quasi¬ 
stationary  current  densities  from  chronoamperometric  curves  than 
Pt  catalysts  based  on  Vulcan  XC-72R.  These  values  increased  in 
the  order  Pt/C  E-TEK  <  Pt/Vulcan-EGM  <  Pt/Vulcan-BM  <  Pt/Vulcan- 
FAM  =  Pt/CNC-FAM  <Pt/CNC-EGM<  Pt/CNC-BM  as  can  be  seen  in 
Table  3.  However,  in  all  cases,  a  stable  performance  was  achieved 
in  a  short  time. 

These  results  confirm  that  the  Pt/CNC  catalysts  are  notably 
more  active  for  electrooxidizing  ethanol  than  catalysts  supported 
on  Vulcan  XC-72R,  commonly  employed  for  DAFCs  technical  elec¬ 
trodes. 


Time  /  s 


Fig.  4.  Chronoamperometric  curves  for  Pt/Vulcan  (a)  and  Pt/CNC  (b)  electrocatalysts  recorded  in  2  M  CH3CH2OH  +  0.5  M  H2SO4  solution  at  E  =  0.60  V. 
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4.  Conclusions 

The  main  conclusions  derived  from  this  work  can  be  summa¬ 
rized  as  follows: 

-  The  size  of  the  platinum  crystallites  depends  on  the  synthesis 
method  used  to  prepare  the  catalysts.  For  both  carbon  materials 
used  as  support,  the  FAM  resulted  in  the  smallest  metal  crystallite 
sizes,  whereas  the  EGM  resulted  in  the  highest  ones.  For  each  the 
synthesis  methods,  higher  platinum  crystallite  size  was  obtained 
as  CNCs  were  used  as  support,  respect  to  that  obtained  using  Vul¬ 
can,  although  differences  were  no  significant.  This  effect  could  be 
attributed  to  the  less  content  of  nucleation  sites  in  CNCs  due  to 
their  graphitic  nature. 

-  Pt  electrocatalysts  supported  on  carbon  nanocoils  showed  more 
negative  CO  oxidation  potentials  compared  with  catalysts  sup¬ 
ported  on  Vulcan  and  the  commercial  Pt/C  E-TEK  one.  This  can  be 
attributed  to  the  carbon  nanocoils  used  as  catalyst  support,  which 
could  alter  the  electronic  structure  of  the  metal,  helping  to  the  CO 
oxidation  process  and  making  catalysts  more  tolerant  to  CO  than 
Vulcan-supported  ones.  On  the  other  hand,  differences  in  the  CO 
oxidation  were  observed  for  the  catalysts  synthesized  by  differ¬ 
ent  methods,  demonstrating  that  the  deposition  method  of  the 
metal  particles  plays  an  important  role  in  the  final  performance 
of  the  electrocatalysts. 

-  Catalysts  based  on  carbon  nanocoils  were  also  notably  more 
active  for  electrooxidizing  ethanol  than  catalysts  supported  on 
Vulcan  XC-72R,  commonly  employed  as  anodes  in  DEFCs,  which 
can  be  also  attributed  to  the  positive  effect  of  carbon  nanocoils 
as  support.  The  highest  current  densities  were  achieved  by  the 
Pt/CNC-BM  catalyst. 

These  results  prove  that  the  Pt/CNC  catalysts  are  promising  can¬ 
didates  as  alternative  to  replace  Pt/Vulcan  in  order  to  improve  the 
performance  of  the  direct  ethanol  fuel  cells. 
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